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ABSTRACT 
The benefits of using pin fin heat sinks with multiple perforations are investigated using 
complementary experimental and Computational Fluid Dynamics (CFD) methods. An 
experimental heat sink with multiple perforations is designed and fabricated and parameter 
studies of the effect of perforated pin fin design on heat transfer and pressure drops across the 
heat sinks undertaken. Experimental data is found to agree well with predictions from a CFD 
model for the conjugate heat transfer into the cooling air stream. The validated CFD model is 
used to carry out a parametric study of the influence of the number and positioning of circular 
perforations, which shows that the Nusselt number increases monotonically with the number 
of pin perforations, while the pressure drop and fan power required to overcome the pressure 
drop all reduce monotonically. Pins with five perforations are shown to have a 11% larger Nu 
than for corresponding solid pin cases. These benefits arise due to not only the increased 
surface area but also heat transfer enhancement near perforations through the formation of 
localised air jets. In contrast, the locations of the pin perforations are much less influential. 
When examined in the context of CPU cooling, a conjugate heat transfer analysis shows that 
improved heat transfer with pin perforations translates into significantly reduced processor 
case temperatures ZLWKWKHDGGLWLRQDOEHQHILWRIDUHGXFWLRQLQWKHZHLJKWRIWKHKHDWVLQN¶V
pins. To achieve these benefits care must be taken to ensure that pin perforations are aligned 
with the dominant flow direction and manufactured with a good quality surface finish.  
HIGHLIGHTS 
x The cooling critical components by pin fin heat sinks. 
x The substantial performance benefits via use of multiple pin perforations. 
x Enhancement heat transfer and fan power of pinned heat sinks. 
x Conjugate heat transfer and turbulent airflow model. 
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NOMENCLATURE 
Reynolds number Re cross-sectional area of the flow passage 
of the heat sink, m2 Ac 
temperature, oC T pin diameter of the pin fin heat sink, mm D 
temperature difference, oC ¨Tperforation diameter of the pin fin, mm d 
air velocity, m/s U hydraulic diameter, m Dh 
 Greek pin fin height, mm H 
fluid thermal diffusivity (m2/s) Į heat transfer coefficient, W/m2.K h 
turbulence model constant Įȕȕ turbulence kinetic energy k 
porosity Vvoid=V %? number of perforations n 
fluid viscosity (Pa·s) ȝnumber of pins N 
turbulent eddy viscosity, Pa.s ȝtheat sink length, mm L
fluid density (kg/m3) ȡ Nusselt number Nu
kinematic viscosity, m2/s Ȟtfan power, W P 
turbulent kinematic viscosity, m2/s ȞW pressure drop, Pa ¨S
k-İWXUEXOHQFHPRGHOFRQVWDQW ıİPrandtl number Pr 
turbulence model constant for the k-equation ıturbulent Prandtl number Prt 
k-ȦWXUEXOHQFHPRGHOFRQVWDQW Ȧ power applied on the base, W Q 
 pin pitch in streamwise direction, mm Sz 
 
1. INTRODUCTION 
Many industrial systems have critical components which must be cooled at a rate 
sufficient to avoid serious overheating problems and system failures. Convective heat transfer 
to heat sinks with extended surface fins provides the required heat transfer management in 
several important applications, including engines and turbine blades in the aerospace industry, 
automotive vehicle heat exchangers and gas-cooled nuclear reactors, Sahin et al [1, 2]. At a 
smaller scale, convective heat transfer to air as it flows over a network of fins is also the most 
common approach to cooling microelectronics due to is low cost, availability and reliability, 
Zhou & Catton [3]. The surface fins offer a practical means of achieving large heat transfer 
area, without excessive primary surface area, and act as turbulence promoters thus further 
enhancing heat transfer rates. The main design goals for such heat sinks are usually to 
maximise heat transfer rates for minimal pressure loss. Further details are available in the 
recent review by Nagarani et al [4]. 
Plate fin heat sinks (PFHSs) are widely used due to their simple structure and ease of 
manufacturing. Although many optimisation studies have been carried out for plate fin heat 
VLQNV VHH HJ&KLDQJ¶V [5] experimental optimisation using Taguchi methods, they cannot 
overcome the intrinsic limitation that air flows smoothly through the heat sink channels, due 
to the parallel plate arrangement, limiting the achievable heat transfer rates. Pin fin heat sinks 
(PFHSs) can be an effective alternative to plate fin heat sinks since they have the advantage of 
hindering the development of the thermal boundary layer on smooth surfaces responsible for 
limiting the heat transfer rates in plate fin designs, Zhou & Catton [3]. Several previous 
investigations of heat transfer and pressure drops of PFHSs have demonstrated clearly their 
superiority over plate fin designs and have attempted to optimise these by studying, for 
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example, the effect of pin cross-sectional shape Soodphakdee et al [6], Jonsson & 
Moshfeghor [7] and the benefits of combining plate and pin fins within compound heat sinks, 
Yang & Peng [8, 9]. 
The increasing focus on energy-efficiency and environmental sustainability, together with 
the need to achieve higher cooling densities, are providing strong drivers to optimize the 
performance of cooling technologies for a range of applications. Recent studies have 
demonstrated the potential of using highly conductive inserts to provide efficient pathways for 
heat removal from electronic components, Hajmohammadi et al [10] and the role of optimal 
plate thicknesses in laminar forced convection cooling of heat sources, Hajmohammadi et al 
[11]. Of greater relevance to the present study are those that have focused on the optimization 
of plate fin heat sinks using computational and experimental methods. Examples of the former 
include the use of multi-objective Genetic Algorithms to optimize plate fin geometries for 
total heat transfer rate and total annual costs, Najafi et al [12], while the latter include the use 
of experimental Taguchi methods to optimize plate fin heat sinks with periodically interrupted 
diverging and converging fins Kotcioglu et al [13], which can enhance heat transfer 
significantly due to boundary layer disturbances and secondary mixing effect. The additional 
benefits of using multiple air streams in plate fin heat sinks have recently been reviewed by 
Kumar Das and Ghosh [14].  
Recent experimental and computational studies have also shown that perforating plates 
and pins on heat sinks can offer significant benefits. Most studies have examined the benefits 
of perforating plate fins. Shaeri & Yaghoubi [15, 16] and Shaeri & Jen [17, 18], for example, 
studied the effect of the number of perforations and their size, while Farhad Ismail et al. [19, 
20] considered the influence of perforation shape, on heat transfer and frictional drag on the 
air for both laminar and turbulent flow cases. Shaeri & Jen [17, 18], for example, found that a 
single perforation in a plate fin could increase the heat transfer rate by up to 80%. More 
generally, these studies found that increasing the number of perforations in plate fins leads to 
reductions in the size of the wakes behind the fin, the length of the recirculation zone around 
the lateral surface of the fin and in the total drag, where an increase in friction drag is 
compensated by a greater reduction in pressure drag. Dhanawade and Dhanawade [21] 
experimentally determined the effect of lateral circular perforations for plate fins on heat 
transfer. They found that perforations generally increase the Nusselt number and that the 
optimum perforation diameter is a function of the applied heat flux density, with larger 
perforations being beneficial for low heat fluxes and smaller perforations better for high heat 
fluxes.  
In comparison with plate fins, relatively few studies have considered the effect of 
perforations on the heat transfer and pressure drop in PPHSs and those that have focused on 
the benefits of single perforations. Sahin and Demir [1, 2], for example, studied the effect of 
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the cross-section shape (circular or square) for in-line pin arrays, while Amol and Farkade 
[22] considered the effect of staggered pin arrangements for singly-perforated pins of circular 
cross-section. These have shown that localised jet flows through the perforations increase 
local heat transfer by alleviating the recirculation zones that form behind solid pins, 
increasing shear-induced mixing. These studies have found consistently that a single 
perforation leads to an enhancement in heat transfer and a reduction in pressure drop 
compared to equivalent solid pin systems. Another promising approach which can improve 
heat transfer rate and reduce pressure drop simultaneously, in both single-phase and two-
phase systems, is to use a microjet to induce flow separation; see e.g.  [23]. 
This study presents the first comprehensive experimental and computational investigation into 
the benefits of multiple pin fin perforations on the heat transfer and pressure drop in pin fin 
heat sinks. Experimental data is presented, for the first time, on the benefits of using multiple 
perforations and the data used to validate a corresponding Computational Fluid Dynamics 
(CFD) model of the conjugate heat transfer problem. The latter is then used to carry out a 
comprehensive parameter study into the effect of the number and distribution of pin fin 
perforations on the heat transfer and pressure drop in pin fin heat sinks. Section 2 describes 
the problems under consideration and experimental methods, section 3 the numerical methods 
and conjugate heat transfer model, while section 4 describes the validation of the CFD 
approach and the results of the parameter study. Conclusions are drawn in Section 5. 
2. EXPERIMENTAL METHODS 
2.1 Airflow Channel Section 
An experimental rig system was designed and fabricated, consisting of a closed, rectangular 
channel in which the heat sink test section could be located, see Figure 1. The channel is 
constructed of clear Perspex of 8mm thickness and has an internal rectangular cross-section of 
width 50mm, height 10mm and total length 370mm. The heat sink is located at the centre of 
the straight channel section, a distance of 110mm from upstream entrance to the channel. A 
mini fan (model San Ace 36: 9GV3612P3J03) of size 36x36x28mm, 12VDC and 0.75A 
creates the airflow (19.4CFM) through the channel and over a heat sink. Metal meshes are 
positioned at a distance of 50mm either side of the heat sink to minimise flow mal-
distribution and create a uniform airflow profile over the heat sink. The channel is equipped 
with tappings allowing the pressure drop across the heat sink to be measured by a digital 
manometer and insertion points allowing the change in temperature of the air to be recorded 
via a digital thermometer. 
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Figure 1: Schematic diagram of the experimental system. 
2.2 Heat Sink and Test Section Design 
Two heat sinks were fabricated from aluminium, the first with solid pins and the second with 
perforated pins ± see figure 2. Each pin was cut from 2mm diameter aluminium bar using a 
rivet cutter to a length of 12mm. In the case of the perforated pins, a steel guide was used 
allowing 1mm holes to be drilled into the bar. The individual pins were brazed onto a 2mm 
square (50mm) base plate that was pre-drilled with a regular array of holes with 6.5mm 
spacing between centres in both directions. In the case of the perforated pins, the holes were 
aligned with the direction of the airflow. 
The heat sink was installed into the flow channel using a removable test section (figure 3) 
consisting of a thick teflon plate, a layer of fibreglass insulation (that also wrapped around the 
edge of the test section) and a thin film heater bonded to the base of the heat sink using a thin 
layer (<1mm) of thermally conductive epoxy. The thin film heater was constructed from 
Nichrome resistance wire 2mm thickness coiled around mica sheet of 2.5mm spacing to 
reduce the load in the extend wires and provided good heat flux uniformity. The teflon plate 
acts as a backing plate to hold the composite heat sink  and it is set into the flow test channel 
via four corner screws (figure 3).  The heat input was determined from the voltage and current 
drawn by the thin film heater with a heat output of approximately 60W. K-type 
thermocouples were bonded into the base plate of the heat sink, allowing base temperatures to 
be measured. At the same time, other thermocouples are bonded at the upper surface of the 
heat sinks to determine the average upper surface temperature for calculating the heat transfer 
rate and Nusselt number. In all cases, the thermocouples were embedded by drilling a shallow 
indentation (~1mm) which holds the tip of the thermocouple, and thermally conductive epoxy 
resin applied to restore the surface geometry. 
2.3 Experimental measurements and data analysis 
Temperatures at the upper and lower surfaces of the heat sink are measured using 
thermocouples and the heat transfer rate and Nusselt number calculated using the known 
thermal conductivity of the heat sink. The inlet and outlet air temperatures are measured using 
   
         
Thermocouples 
Mini  
Fan 
Heat sink 
100mm 100mm 
10mm 
Tout Tin 
Digital Thermometers 
Digital Manometer 
Power Supplied to Film Heater Resistance 
& Mini Fan 
99.25m
m mm 
Mesh Mesh 
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thermocouples at the entrance and exit of the  heat sink and the pressure drop across the heat 
sink is measured using two pressure taps, located in front of and behind the heat sink, with 
pressure readings taken from a digital manometer. Finally, the inlet air velocity is measured 
using a hot wire anemometer.  
The steady-state rate of heat transfer through the air can be expressed via 
lossradconvelec QQQQ   . 
IVQelec   is the total electrical power applied to the base of the heat sink and  convQ , radQ  
and lossQ  are the heat transfer rates from the heat sink by convection, radiation and through 
conductive losses, respectively. radQ  is given by [24] 
 44 awsrad TTAFQ  V  
where F is the view factor. The pin fins and base plate of the heat sink are made of highly 
polished aluminium to reduce their emissivities and the experimental data showed that radQ /
|elecQ 0.004. radQ  is therefore neglected in the results presented below.  
Conductive heat losses are minimised by ensuring that all the outer walls of the heat sink are 
well-insulated. Thermocouple measurements of the heat sink outer wall temperatures confirm 
that the conductive losses are smaller than 2% of applied heat flux and that these are close to 
the ambient temperatures. 
lossQ is given by insinsloss TX
AKQ '' .

 where A is the heat sink base area, Kins is the thermal 
conductivity of the insulation¨7ins the temperature difference across WKHLQVXODWLRQDQG¨;
the insulation thickness. 
The average convective heat transfer coefficient, h, and Nusselt number, Nu, are determined 
via the expressions [25, 34]:  
)]
2
([ inoutws
conv
TTTA
Qh 
  , k
hLNu  
 
where Tw is the heat sink temperature at its upper surface, Tin and Tout are the average inlet 
and outlet air temperatures, respectively, and As is the surface area of the heat sink. Previous 
researchers have calculated h based on either the projected, AP, or total, AT, surface area of 
the heat sink and these are related to one another via the relationship hP=hT(AT/AP). 
For solid pin fins the total surface area AT :/1ʌ'+ZKHUH:DQG/DUHWKHZLGWKDQG
length of the heat sink respectively and H, D and N are the height, diameter and number of 
pin fins respectively. For perforated pin fins AT :/ʌ1+'QG'-nd/2), where n is the 
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number of perforations of diameter d on each pin fin. The Reynolds number and hydraulic 
diameter are defined respectively by Q
hUD Re , and )(24 WH
HW
p
A
D ch   .  
The values of the thermo-physical properties of the air are obtained at the average bulk mean 
temperature Tm=(Tin+Tout)/2. The pressure drop across the heat sink, ǻp=pin-pout, is measured 
using a digital manometer and is an important quantity since the fan power required to 
overcome it is given by Pfan=U.A.ǻp, where A=H.Sz.(N-1) is the cross-sectional area of the 
flow passage of the heat sink and Sz is the uniform pin fin spacing.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3. NUMERICAL METHODS 
3.1 Problem Specification 
 The PFHS configurations considered here are shown in Figures 4 and 5. Its base has 
dimensions 50mm x 50mm x 2mm and the pin sizes are based on the experimental heat sink 
design shown in Figure 2 with a 6.5mm pitch in both directions. In addition to the two 
experimental pin fins (referred to as 0 and 3P ± see figure 4), the seven other pin designs in 
Figure 4 were considered (again with the perforations aligned in the direction of the flow). 
The porosities of the pin fins, defined as %? 9hole/V where Vhole, and V are the volume of  
 
 
)a( 
)b( 
Three perforations 
per pin 
Figure 2: Final design of (A) solid pin fins and 
(B) perforated pin fins heat sinks 
Figure 3: Installation of the heat sink with film 
heater into the insulation chamber. 
 
Teflon Insulation 
Container 
Fibreglass 
Insulation 
Thin Film Heater 
Thermally 
Conductive Epoxy   
Heat Sink 
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Inlet 
Outlet 
Heat Sink 
Perforated Pin Fins 
L 
H 
Constant Heat Flux 
Adiabatic 
walls 
Adiabatic walls 
Symmetry 
Symmetry 
 
 
 
 
 
 
 
 
Figure 4: The nine pin fin designs considered, with various numbers and locations of perforations; all 
dimensions in mm. 
 
3.2 Conjugate Heat Transfer Model 
Thermal airflow through an aluminium PFHS is analysed using CFD. The inlet air 
temperature is set to 25oC and the inlet air velocity is varied between 6.5m/s and 12m/s 
leading to Reynolds numbers in the range 3500-6580 based on a length scale given by the 
hydraulic diameter of the duct Dh=2H.B/(H+B), where H and B are height and width of duct 
in which the heat sink is located, respectively. The airflow is assumed to be steady, 
incompressible and turbulent.  
In the conjugate heat transfer model the rate of heat conduction through the aluminium heat 
sink is balanced by heat transfer by convection into the moving air stream, through a coupled 
boundary condition at the solid/fluid interface, as illustrated in Figure 5(a).  
 
 
(a) 
 
 
 
 
(b) 
 
 
 
 
 
Figure 5: (a) Conjugate heat transfer model of the pin fin heat sink; (b) schematic diagram of the flow 
domain used in the CFD analyses, with eight perforated pin fins. 
 
 
In the solid heat sink the temperature field Ts is obtained by solving the steady heat 
conduction equation 
0).(   ss Tk  
0-Solid Fin 
without 
Holes 
 
1A-One 
Bottom 
Hole 
1B-One  
Centre 
Hole 
1C-One  
Top 
 Hole 
2A-Two 
Bottom 
Holes 
2B-Two  
Top 
Holes 
2C-Two 
Separated 
Holes 
3P-Three  
 Holes 
5P-Five  
Holes 
2.5 
5 
7.5 
2.5 
2.5 
2.5 
5 
2.5 2.5 
2.5 
2.5 5 
2 
2 
2 
2 
10 
Constant Heat Flux 
Cool Inlet Flow 
Conjugate Heat Transfer 
Hot Outlet Flow 
Pin Fin Heat Sink 
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where ks=202W/mK is the thermal conductivity of the aluminium material used in the heat 
sink described previously.  
Previous relevant studies have used the Reynolds-Averaged Navier-Stokes (RANS) equations 
to model turbulent flow through heat sinks successfully, see e.g. Zhou & Catton [3], Leung & 
Probert [26]. Time-averaging the continuity, momentum and energy equations with variables 
decomposed into mean and fluctuating components leads to the RANS equations, namely: 
0.  U
 
   ''.1. UUUU
t
U UVU  w
w
 
where > @ TUUIp  PV  LVWKH1HZWRQLDQVWUHVVWHQVRUȝLVWKHDLUYLVFRVLW\ȡ
its density, U and 'U  the average and turbulent fluctuation velocity vectors respectively, p is 
the pressure and I  the unit tensor. The incompressible RANS equations are solved with the 
energy equation for the temperature field in the fluid, Tf, with a heat source Q Watts, using 
the following equation 
p
f
t
t
f
f
C
QTTU
t
T
U
QQ ¸¸¹
·
¨¨©
§  w
w 2
PrPr
.
 
where Cp is the specific heat capacity of the air, Pr  DQG Ȟ DUH WKH 3UDQGWO QXPEHU DQG
kinematic viscosity of the air respectively and the subscript t indicates their turbulent 
counterparts. 
Following Zhou & Catton [3] and Leung & Probert [26], the thermal airflow through 
the heat sink is modelled using the k-Ȧ667PRGHOZLWKDXWRPDWLFZDOOIXQFWLRQWUHDWPHQWAs 
discussed above and following Leung & Probert [26], who found that with temperature 
differences of 40oC and 77.5oC for polished aluminium fins, the radiative heat loss is less than 
5% and 8%, respectively of total heat transfer rate, radiative heat transfer is neglected. Air 
density and viscosity are assumed to be constant and equal to those at the inlet temperature of 
25oC. This model combines the accurate formulation of the k-ȦPRGHOLQWKHQHDU-wall region 
with the free-stream independence of the k-İ RQH LQ WKH IDU ILHOG DQG KDV EHHQ VKRZQ WR
predict highly separated flows accurately in a number of previous validation studies, Menter 
[27], Zhou & Catton [3]. 
The equations for the SST model are: 
> @kkPkU
t
k
tkk  w
w )(.~)(.)( * PVPZUEUU                                                 
> @ ZZVUZPVPZUEUDUZ
UZ
ZZ  w
w
.
1)1(2)(.)(.)(
21
22 kFSU
t t
         
where the blending function F1 is defined by 
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The turbulent eddy viscosity is computed from 
),max( 21
1
FSa
ka
t ZQ        
where S is the invariant measure of the strain rate and F2 is a second blending function 
defined by 
¸¸
¸
¹
·
¨¨
¨
©
§
»»¼
º
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½
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2
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500
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Q
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To limit the growth of turbulence in stagnation regions, a production limiter is used in the 
SST model. 
 ZUEP kPP
x
u
x
u
x
u
P kk
i
j
j
i
j
i
tk
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·
¨¨©
§
w
ww
w
w
w         
The constants for this model are: ,44.0,5.0,85.0,
40
3
,
9
5
,09.0 2111
*
1
      DVVEDE Zk  
.856.0,1,0828.0 222    ZVVE k  
A commercial Finite Volume Method-based code, ANSYS FLUENT [28] is used to solve the 
fully coupled momentum and energy equations, using second order upwinding, while 
continuity is satisfied using the SIMPLE method. The grid is composed of tetrahedral mesh 
elements to improve the quality of the numerical prediction near curved pin surfaces. 
3.3 Boundary Conditions 
The computational problem is reduced in size by exploiting the symmetry of the PFHS to 
apply symmetry boundary conditions (Table 1) along the sides of the channel so that the 
conjugate heat transfer model is solved for a system of eight pins aligned with the dominant 
flow direction, Figure 5(b). Along the bottom wall of the heat sink, a constant heat flux ሶܳ=50W, used in the experiments, is applied and no-slip conditions Ux=Uy=Uz=0 are 
imposed along the heat sink walls. A pressure outflow boundary condition is imposed at the 
outlet boundary. All remaining walls are considered to be adiabatic.  
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Table 1: The boundary conditions of the conjugate heat transfer model 
Locations Fluid  Conditions 
Thermal 
Conditions Locations 
Fluid  
Conditions 
Thermal 
Conditions 
Inlet 8PV Tf=25oC Bottom wall 
of heat sink 
U=0 ሶܳ=constant 
Right and left 
sides 
(symmetry) 
0 
dy
du
 0 
dy
dT
 Pressure 
outlet 
p=0 0 
dx
dT
 
Top wall and 
other walls 
U=0 0 
dz
dT
 Pin heat sink U=0 dn
dTsks
dn
dTfkf ..   
 
4. RESULTS AND DISCUSSION 
4.1 Effect of Grid Density 
Numerical solutions of the conjugate heat transfer model in the domain shown in Figure 5(b) 
are obtained on a series of grids for both a solid and a perforated pin fin cases.  For the 
former, the number of cells is increased between 98,104 and 171,059, while for perforated pin 
fins (3P) the number of cells in increased between 113,000 and 202,678. The effect of grid 
resolution on NuT, Tcase DQGǻSDUHVKRZQLQ7DEOH2. For solid pin fins increasing the number 
of cells beyond 124,000 leads to a less than 3% variation in the quantities of interest, whereas 
for perforated pin fins, increasing the number of cells beyond 161,000 results in less than 3% 
variation in these parameters. All results reported below have used these appropriate levels of 
grid refinement for solid and perforated pin fin cases.  
Table 2: Grid independence study data for solid and perforated pin fin heat sinks 
Solid Pins 
(0) Cells NuT 
Tcase 
(oC) 
¨3
(pa) 
Perforated Pins 
(3P) Cells NuT 
Tcase 
(oC) 
¨3
(pa) 
98104 348.2 67.4 107.2 113000 373.6 63.0 92.7 
134035 362.3 66.3 103.8 161916 395.2 61.3 93.6 
171059 367.0 65.6 103.7 202678 400.0 61.7 95.2 
 
4.2 Validation against Previous Studies 
The Nusselt number and pressure drop predictions are now compared with those of Zhou & 
Catton [3] for flow past PFHSs with solid pin fins. Figure 6 compares predictions of Nu and 
SUHVVXUHGURS¨SDFURVVWKHSLQILQV7KHVHERWKJHQHUDOO\FRPSDUHZHOOZLWKWKHSUHGLFWLRQRI
Zhou & Catton [3] ZLWKW\SLFDOGLVFUHSDQFLHVLQWKHSUHGLFWLRQVRI1XDQG¨SRIDQG5%, 
respectively. The predictions of the current CFD model are also compared against the 
experimental data of Sahin & Demir [1] for flow past a heat sink where the pin fins have a 
single perforation. Figure 7 compares CFD predictions of the ratio Nu/Nus (where Nus=0.077 
Re0.716 Pr1/3 LV6DKLQ	'HPLU¶V[1] experimental correlation for heat transfer from a smooth 
surface without pins) with their experimental data. Again, the agreement with the 
experimental data is generally good, with a maximum discrepancy of less than 7%. 
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)LJXUH&RPSDULVRQRI1XVVHOWQXPEHU1XDQGSUHVVXUHGURSǻS, predictions with those of Zhou & 
Catton [3]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
4.3 Effect of Perforations on Pressure Drop and Fan Power Consumption in PFHSs 
Figure 8 compares experimental measurements and numerical predictions from the present 
study LQWRWKHHIIHFWRISHUIRUDWLRQVRQWKHSUHVVXUHGURSǻSDFURVV3)+6VDQGWKHfan power 
required to overcome the pressure drop, Pfan 8$ǻS'DWDLVSUHVHQWHGIRUERWKthe solid pin 
0P and 3P pin fins and the experimental bars represent the variation in the data over three 
repetitions of the experiments. The pressure drop data in Figure 8(a) shows that the 
SHUIRUDWLRQVUHGXFHǻSWKURXJKRXWWKHYHORFLW\UDQJH,QWKHH[SHULPHQWDOGDWDWKHSUHVVXUH
drop with three perforations is typically around 7% smaller than for solid pin fins, while for 
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Figure 7: Comparison between CFD predictions of Nu/Nus with experimental data of Sahin 
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the numerical predictions this reduction is approximately 9%. The experimental pressure 
drops are typically 10% higher than the numerical predictions and this may be due to the 
practical difficulties of fabricating PFHSs with several perforations. The latter may include 
discrepancies caused by minor misalignments of the perforations and finite perforation 
surface roughness, both of could increase the pressure drop significantly. The fan power data 
in Figure 8(b) shows the expected quadratic dependence on air speed, U, and again 
demonstrates the benefits of the 3P pin fins.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8: Effect of pin perforations on (a) pressure drop and (b) fan power as a function of airflow speed. 
4.4 Effect on Heat Transfer 
Since the overall design goal for PFHSs is to achieve a high heat transfer rate at the minimum 
energy cost, Figure 9 shows the corresponding experimental measurements and numerical 
predictions of Nusselt number, based on either the total PFHS wetted surface area, NuT, or on 
the projected surface area, NuP. The latter may perhaps be a more effective measure of 
cooling capacity for a given PFHS size. The data shows that both NuT and NuP increase 
approximately linearly with the inlet air velocity and that the 3P pin fin design achieves a 
significant enhancement in heat transfer, with NuT typically between 5% and 10% larger and 
NuP between 11% and 14% larger than for solid pin fins. Note that once again the 
experimental data is typically between 10% to 15% smaller than predicted numerically due to 
the practical considerations mentioned above. A further source of error for the heat transfer 
measurements may be due to the additional thermal resistance as a result of the brazing 
process, where the brazing material did not completely fill the gap between the pin and the 
base plate. 
In many electronics systems, PFHSs provide the cooling needed to keep processor 
temperatures below critical temperatures where thermally-driven failure mechanisms, 
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including intermetallic growth, corrosion, metal migration and void formation, degrade 
reliability and reduce the mean-time-to-failure, Gurrum et al [29], Yuan et al [30]. Figure 10 
compares experimental measurements and numerical predictions of the average PFHS base 
plate temperature, Tcase,  as a function of the fan power needed to overcome the pressure drop, 
IRU LQOHWDLUYHORFLWLHV LQ WKH UDQJHPV8PV%RWKVHWVRIGDWD VKRZ WKHFRQVLVWHQW
trend of requiring higher fan power in order to reduce Tcase and that the improved heat transfer 
from the perforated pins (3P) leads to significantly lower CPU temperatures: the 3P 
perforated fins lead to CPU temperatures typically between 4 and 6oC lower than with solid 
pin fins, for the same fan power input. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9: Effect of inlet velocity on Nusselt number based on A) total B) projected surface area 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10: Comparison between experimental and numerical predictions of influence of fan power on Tcase. 
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4.5 Numerical investigation of perforated PFHSs 
The conjugate heat transfer model is now used to study thermal air flows past heat sinks 
with the nine pin designs shown in Figure 4, for inlet air velocities in the range 
PV8PV FRUUHVSRQGLQJ WR 5H Figures 11 and 12 show the results of 
more detailed studies into the effect of multiple pin fin perforations on ǻSIDQSRZHUDQGNuT 
for PFHSs. Collectively they show that pressure drop decreases monotonically and NuT 
increases monotonically with the number of perforations. For a given inlet air velocity, the 5P 
pin fin design provides the highest heat transfer rate and the lowest pressure drop and fan 
power requirement. The pressure drop and NuT for the 5P pin fin are approximately 16% 
smaller and 11% higher, respectively, than for the solid pin case. These findings are 
consistent with the recent conclusions of Sara et al [31], which attributed improved heat 
transfer with perforations to the combined effects of increased surface area and the formation 
of localized air jets.  
 
 
 
 
 
 
 
 
 
 
 
  
Figure 11: Effect of pin perforations and inlet velocity on pressure drop (left) and fan power (right). 
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nine pin designs shown in Fig.1. 
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The position of the perforations is of secondary importance. The Nusselt number of the 
perforated pin fin designs 2A and 2B are slightly higher (typically up to 3% larger) than that 
of perforated pin (2C) design. This is probably due to stronger interactions between the 
airflow jets that are in closer proximity in cases 2A and 2B, see Figure 13, compared with 
those of the perforated pin, 2C.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 14 presents a more detailed investigation into the effect of pin fin perforations on 
the relationship between fan power and heat sink temperature. For a given fan power, the 5P 
perforation reduces the heat sink base plate temperature by a further 1-1.5oC compared to the 
3P pin design. Figure 15 compares the surface temperatures of the solid pin fin heat sinks 
with those obtained with the 5P pin fins. In the former case, temperatures on the base plate 
vary between approximately 58.5oC and 71oC, whereas for the perforated pins the 
corresponding temperatures vary between approximately 49.5oC and 65oC. The temperatures 
on the pins are also significantly cooler, as indicated by the greater preponderance of blue 
regions on the perforated pins. 
 
 
 
 
 
 
 
 
 
 
Figure 13: Comparison between predicted flow field in PFHSs with solid pin fins and 
for designs 2A and 2C with two perforations.  
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Figure 14: Effect of pin design and pumping power 
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The final sets of results consider the effect of the density of distribution of pins over the heat 
sink surface. Figures 16 and 17 show the effect of the number of rows of pins on NuT DQGǻS
respectively, for a range of Reynolds numbers; once again, each row has 8 equally spaced 
pins, with uniform spacing between each row in the flow direction. Figure 16(a) shows that 
for solid pins NuT increases monotonically with the number of rows and the variation is quite 
small (of the order of 5%). Note, however, that the total area AT is increasing significantly 
and the values of NuP typically double as the number of rows is varied between 4 and 11. For 
perforated (3P) pins there are well-defined maxima corresponding to 6 rows of pins. This is 
probably due to the important interactions between the jets flows through the pins being 
restricted when pins at packed too tightly.  
 
 
 
  
 
 
 
 
 
 
 
Figure 16: Effect the number of rows on the Nusselt number NuT with variation Reynolds 
number for both (a) solid (0P) and (b) perforated (3P, right) pinned heat sinks models 
Figure 15: Temperature distribution through pinned heat sinks: 0P and 5P models at Re=5393 
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Figure 17 shows the corresponding data for pressure drop across the heat sink. As expected, 
LQFUHDVLQJWKHSLQSDFNLQJGHQVLW\LQFUHDVHVǻSIRUERWKWKHVROLGDQGSHUIRUDWHGSLQV,QERWK
FDVHVKDOYLQJWKHQXPEHURIURZVIURPWRZRXOGUHGXFHǻSE\DSSUR[LPDWHOy 35%.  
 
 
 
 
 
 
 
 
 
 
 
Figure 17: Variation of pressure drop with the number of rows on and different Reynolds 
number for (a) solid (0P) and (b) perforated (3P) pinned heat sinks models. 
Finally, the effect of pin density on the CPU temperature and fan pumping power are shown 
in Figure 18. Results are plotted with respect to a reference critical temperature of 85oC, a 
typical maximum temperature CPU temperature for reliable operation of a desktop PC, Yuan 
et al [30].  
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 18: Effect the number of rows on the CPU temperature and fan power (a) solid 
(0P) and (b) perforated (3P) pinned heat sinks models. 
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The results show that the increased conduction heat transfer from the CPU, resulting from the 
higher pin densities, means that the CPU can be cooled below the critical temperature for a 
significantly lower fan power input, Pfan. For the solid pins, a fan power of 0.1W enables the 
CPU temperature to be maintained below 73oC when 11 rows of pins are used whereas for 4 
rows the CPU temperature of 100oC is well above the critical CPU temperature. Using rows 
of 3P perforated pins reduces the CPU temperature yet further, for a given fan power input, 
and even makes the adoption of 4 rows of perforated pins viable for fan power inputs above 
0.15W. These results also demonstrate that care must be taken when extrapolating from the 
Nusselt number data given in Figure 16. 
5. CONCLUSIONS 
Pin fin heat sinks provide cooling for critical components in many important 
applications, ranging from aero engines and nuclear reactors to computers and other 
microelectronic devices, where inexorable increases in power densities are driving innovation 
in heat exchange techniques. Whilst some of this innovation in IT systems is focussing around 
on the use of liquid cooling (e.g. on-chip cooling technologies, such as the Aquasar system, or 
dielectric liquid immersion cooling, [32, 33], the use of convective heat transfer to air as it 
passes over extended surface heat sinks will remain popular since it provides high reliability 
cooling at relatively low cost, Zhou & Catton [3]. 
The present study has shown that the use of multiple pin perforations can have substantial 
performance benefits by enabling the heat transfer to be increased while at the same time 
reducing both the pressure drop across the heat sink and fan power needed to pump the air 
through them. The Nusselt number increases monotonically with the number of pin 
perforations while the pressure drop and fan power both reduce monotonically. For the cases 
considered here, pins with five perforations have a Nusselt number and pressure drop 
typically 11% and 16% respectively, larger compared to heat sinks with solid pins. The 
experimental work has also been extremely valuable in highlighting the practical difficulties 
of using densely distributed pin fins with multiple perforations. It showed that to maximise 
the benefits from perforations care must be taken to ensure that they are aligned with the 
dominant flow direction and manufactured with a good quality surface finish. These factors 
add cost and complexity to manufacturing processes and research is currently ongoing into 
addressing these practical issues.  
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